Introduction
The excessive consumption of fossil fuels and the increasingly serious environmental concerns associated with this have stimulated intense research into alternative energy conversion and storage systems that can provide high efficiency, environmental safety and economic feasibility. [1] [2] [3] [4] The electrochemical splitting of water into O 2 and H 2 is widely accepted as one of the most promising technologies for producing fuel from a renewable and abundant source (i.e., water), but the kinetically slow oxygen evolution reaction (OER) restricts the overall reaction. 5, 6 This has led in recent years to considerable interest in electrocatalysts capable of promoting the OER process, with RuO 2 and IrO 2 being found to provide excellent performance. 7 Their practical application, however, has been limited by the high price of these scarce elements.
More recently, rst-row transition metal compounds 8, 9 have been investigated as more abundant and economical OER catalysts, with hydroxides receiving particular attention due to their excellent OER performance. [10] [11] [12] [13] Of these, there are a number of Co-based [14] [15] [16] and Ni-based 17, 18 catalysts work as attractive alternative for OER thanks to their relative abundance, low cost and competitive OER activity. Their catalytic performance can be further improved by modulating their 3d orbital electron state through heterogeneous doping to create more active sites and greater electrical conductivity. 19 For example, Fe-doping has been found to improve the water oxidation activity of both Ni-based [20] [21] [22] [23] and Co-based 24,25 catalysts. A well-known example of Co-Fe as an OER catalyst was CoFe-layered double hydroxide (LDH), 26 which exhibited higher OER activity than CoNi-LDH. Qiu et al. propose that Fe-doping provide enlarged LDH interlayer space, which is benecial to the absorption of OH À , 27 while other researchers have suggested that the addition of Fe in Co 1Àx Fe x (OOH) lms provides more active sites. 28 A more recent study by Feng et al. suggested that the FeOOH on FeOOH/Co/FeOOH nanotube host can signi-cantly lower the energy barrier of products and intermediates, thereby promoting catalytic reactions. 29 However, the addition of heterogeneous ions can also efficiently increase the geometric roughness. 30, 31 Furthermore, in ensuring the electrocatalytic performance of these powder nanomaterials, various additives are oen used to enhance their conductivity and lm-forming ability. 32 Addition of polymers or the aggregation of catalyst particles bring about a deteriorate electrode performance, making the direct construction of a hierarchically structured and high-performance nanocatalysts a more attractive approach. 33, 34 In this work, we present a unique Co-Fe hydroxide nanosheet arrays (Co y Fe 1Ày (OH) x NSAs) supported on Cu foam electrode that exhibits high OER performance due to optimization of both its intrinsic activity and geometric roughness. 2 NSAs, further prove the positive effect of Fe doping on OER activity. The Cu foam plays a role as both electron collector and source to grow the Cu 2 O nanoarrays that serve as a sacri-cial template to guide the formation of the Co-Fe hydroxide nanosheets. Those self-supported electrodes possess good conductivity and sturdiness structure, bring about excellent stability, with no obvious decline in current density aer 100 h. This three-dimensional hierarchically porous electrode design offer the advantages of low working potential, large current density, high turnover frequency (TOF) and good durability.
Results and discussion
To provide a sacricial template to induce the growth of Co yFe 1Ày (OH) x NSAs, Cu 2 O nanoarrays were rst produced on Cu foam by a simple anodic oxidation route. 35 As shown in Fig. 1a Selected-area electron diffraction (SAED) patterns were employed to investigate the crystal structure of the Co y Fe 1Ày (OH) x NSAs catalysts. The SAED patterns of single metal hydroxides were found to exhibit characteristic traits of a blurry hexagonal matrix (inset of Fig. 2a and S2d †), indicating a predominantly crystal structure. Only blurred rings were observed in the SAED patterns of change to a predominantly amorphous structure. Amorphous hybrid metal hydroxides (inset of (Fig. S4 †) . The two faint peaks in 17 and 23 for Co y Fe 1Ày (OH) x NSAs (y > 0) can be indexed Co layer double hydroxide (Co LDH), 38, 39 and the faint peaks suggests a predominantly amorphous structure. The peak in the Fe 2p spectra of Fe NSAs hydroxides are blue-shied by about 0.6 eV relative to those of Co-Fe bimetal NSAs hydroxides, which suggests that the pure Fe NSAs prepared using the same protocol are oxide rather than hydroxide. 44 These results conrm that strong electron interactions involving Fe and Co occur in the Co y Fe 1Ày (OH) x NSAs. The O 1s spectra of the Co y Fe 1Ày (OH) x NSAs could be tted with two peaks at binding energies of 530.6 and 531.6 eV, which prove the presence of lattice oxygen and hydroxide oxygen, respectively. 45, 46 The O 1s spectra shied to a lower binding energy following the addition of Fe, which indicates that O was in a more oxide-like environment due to the partial conversion of Co/Fe(OH) x to Fe/Co-oxide phases. 28, 47 The O 1s spectrum of the Fe(OH) x NSAs shied to 530.1 eV, thereby proving the dominance of oxide ions over oxygen atoms. Combined with the blue-shi of Fe 2p spectra, we can conrm that the Fe(OH) x more likely to be Fe 2 O 3 . The status of the Co-Fe based hydroxide can be veried by the decrease in strength in the O-H stretching vibration peaks (z3297 cm À1 ) and scissoring vibration peaks (1700-1500 cm À1 from water, 1400-1300 cm À1 from structure hydroxyl groups) with increasing Fe ratio that is evident in the infrared (IR) spectra of the samples (Fig. S8 †) , which is consistent with the XPS results. a dramatically increased peak current density and reduce of h in comparison to that of the Co(OH) 2 NSAs, which mainly attributed to the synergistic effects between Co and Fe species in the hydroxide structure. 27 In addition to providing excellent performance under typical OER testing conditions, the Co 0.70 -Fe 0.30 (OH) x NSAs provide a useable working ability under much more stringent conditions, which allows a large amount of highperformance active catalyst to be directly grown on its surface. This results in a current density as high as 1200 mA cm À2 at a h as low as 410 mV (Fig. 4a) . The wavy line on the high potential part of Co 0.70 Fe 0.30 (OH) x NSAs owing to the violent release of gas bubbles. The electron conductivity between the collector and active catalyst is also more favourable than in a traditional nanoparticle-cast electrode. Moreover, as shown in Fig. 4b However, the addition of Co efficiently enhance the electrical conductive and result in enhanced OER activity. Therefore, doping of Fe is a sufficient solution to eliminate the kinetically slow of OER. The improvement in OER activity can be quantied by the turnover frequency (TOF), which is dened as the number of moles of O 2 per mole of metal catalyst per second. If it is assumed that all metal ions (Co and Fe) in the hydroxide NSAs are available for OER, then an apparent TOF value can be calculated at different values of h. As shown in Fig. 4c, (Table S4 †) . The durability of the electrode was evaluated by means of the chronoamperometry method. In Fig. 4d , the as-prepared Co 0.70 Fe 0.30 (OH) x NSAs electrode clearly exhibits greater stability, with no obvious decline in current density aer 100 h. This remarkable operational stability can be ascribed to the excellent intrinsic stability and enhanced activity of the Co 0.70 -Fe 0.30 (OH) x catalyst, as well as the sturdiness of the entire electrode and reduced coverage of gas bubbles.
51
The electrode kinetics were further analyzed by simulating the charge transfer resistance obtained through electrochemical impedance spectroscopy (EIS) during oxygen evolution (h ¼ 300 mV) in a solution of 1.0 M KOH (Fig. 5) . The Zsimpwin 3.5 was used to t the resistance values, and the results obtained are shown in Table S3 . † As illustrated in 52 A much smaller R ct suggesting a much faster electron transfer and a higher faradaic efficiency during reaction. 53, 54 Therefore, good conductivity and faster reaction speed of materials can improve the charge transfer kinetics. The Co(OH) 2 NSAs possess a small R ct , yet only provide a relatively unromantic electrocatalytic activity on account of the inherent electrical conductivity and inferior activity of Co hydroxide compared to Co-Fe hydroxide. This again proves that Co 0.70 Fe 0.30 (OH) x NSAs provides the appropriate conductivity and good electrocatalytic activity and bring about optimal performance for OER. These results consistent with the kinetics results of Tafel plots, which further prove the electronic interaction between Fe and Co in the hydroxides. Similar optimal of Co to Fe ratios being found in previous studies: e.g., CoFe-LDH with a Co to Fe ratio of 3 : 1 has a greater OER activity than Co(OH) 2 and mixed-phase samples of Co(OH) 2 and FeOOH.
27
The intrinsic OER activity of Co 1Àx Fe x (OOH) is also known to be $100-fold higher when x z 0.6-0.7 than when x ¼ 0 on a permetal TOF basis.
28
Based on the SEM and TEM results, it would seem that CoFe based NSAs expose more surface area than Co(OH) 2 NSAs. To conrm this hypothesis, type-IV nitrogen adsorptiondesorption isotherms were obtained for the Co 0.70 Fe 0.30 (OH) x NSAs and Co(OH) 2 NSAs, as this provides an indication of the mesoporous nature of the nanosheet (Fig. 6a) . A H3-type hysteresis loop was also identied in the isotherms, which provides further evidence of nanosheet aggregation. 55 The (Fig. S10 †) . However, as the structural disorder in these amorphous materials may create more defect sites capable of serving as efficient reaction centers, 56,57 the specic activity (current per BET area) was used to specify the density of active sites. Fig. 6b shows the LSV curves aer normalizing the current to the BET surface area. It is evident from this that the specic activity of Co 0.70 Fe 0.30 (OH) x was 0.37 mA cm BET À2 at a h value of 350 mV, which is twice as high as that of Co(OH) 2 NSAs (0.19 mA cm BET À2 ). This conrms that Fe doping contributes to creating more active sites, and as the performance of a catalyst is strongly inuenced by its geometric roughness, 34,58 the excellent activity of Co 0.70 Fe 0.30 (-OH) x can be attributed to its high surface area and greater number of active sites. Previous studies have also demonstrated that the large surface area of ultrathin nanosheet array is benecial to the mass transfer and utilization of catalysts, as well as providing a sturdy and close-knit current collector that effectively reduces the size of any gas bubbles and their associated adverse effects.
51
The above results clearly demonstrate that compared with Co(OH) 2 NSAs, the introduction of Fe signicantly improves the catalytic activity. Firstly, hybrid Co-Fe hydroxides (or oxides) are well-known excellent active materials with high activity and stability in OER applications. 28 The low Tafel slope and R ct of Co 0.70 Fe 0.30 (OH) x NSAs indicate an improved charge transfer kinetic, indicating doping of Fe is a sufficient solution to eliminate the kinetically slow of OER. The specic activity of Co 0.7 Fe 0.3 (OH) x NSAs at an overpotential of 350 mV (0.37 mA cm BET À2 ) is twice as high as that of undoped Co(OH) 2 NSAs, further prove the positive effect of Fe doping on OER activity. Secondly, nanoarray structures with high specic surface area not only provide large reaction interface but also ensure efficient charge conductivity, which is benet for utilization in areas of electrochemical catalyst. nanowire arrays were immersed into one of the above suspensions, and then 10 mL of Na 2 S 2 O 3 (1 M) solution was added dropwise with magnetic stirring for 1 h. Finally, the substrate was taken out and washed in ethanol and Mill-Q water several times, followed by drying at 60 C in a vacuum oven for 4 h. 
Material characterizations
Scanning electron microscopy (SEM) was performed using a ZEISS MERLIN and microstructure investigations were carried out using a JEOL JEM-2100 at 200 kV. Element mappings were obtained with a FEI Tecnai G 2 F2O operating at 200 kV, while Xray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV. The chemical valence state of the elements was determined by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe), with all spectra being corrected by the C 1s binding energy of 284.8 eV. The genuine atomic ratios of Co to Fe were evaluated by inductively coupled plasma (ICP) emission spectrometry (VISTA-MPX). Brunauer-Emmett-Teller (BET) measurements were performed on a Quadrasorb SI analyzer at 77 K.
Electrochemical measurements
Electrochemical measurements were performed in an O 2 -saturated 1 M KOH electrolyte with an electrochemical analyzer (CHI 760D Instruments) and a three-electrode system that consisted of Hg/HgO (1 M KOH) with a double salt bridge as a reference electrode, platinum wire as a counter electrode, and the Co y Fe 1Ày (OH) x NSAs (0.5 cm Â 0.5 cm) on Cu foam as the working electrode. The Hg/HgO electrode was calibrated against a reversible hydrogen electrode (RHE) in a 1 M KOH solution (see Fig. S11 †) that was bubbled with hydrogen for 30 min prior to calibration to ensure it was saturated with hydrogen. Two platinum wires were used as the working electrode and counter electrode. Cyclic voltammetry (CV) curves were recorded at a scan rate of 2 mV s À1 and the average of the positive and negative potentials at which the current crossed zero was taken to be the thermodynamic potential for the hydrogen electrode reaction. All polarization measurements were performed at a scanning rate of 5 mV s À1 , from which the potentials were calculated relative to the (RHE) according to the following equation: E(RHE) ¼ E(Hg/HgO) + 0.098 + 0.0591 Â pH. The calibrated potential of the Hg/HgO (0.9 V vs. RHE) was found to be consistent with the calculated result (0.896 V vs. RHE). The durability was assessed using the controlled potential electrolysis method, in which all of the cyclic electrochemical measurements are 75% iR-compensated. Electrochemical impedance spectroscopy was performed over a frequency range of 10 À2 to 10 4 Hz with an amplitude of 5 mV at the Princeton PMC 1000 electrochemical workstation. All electrochemical tests were carried out at 25 C.
The TOF values were calculated from the followed equation:
TOF ¼ (j Â a)/(4 Â n Â F).
Where j is the measured current density at a given potential, a is the surface area of the electrode (0.25 cm 2 ), 4 is the electron transfer number during O 2 production, n is the number of metal ions (including Co and Fe) on the electrode in moles, and F is the Faraday constant (F ¼ 96 485 C mol À1 ).
The electrochemically active surface area (ECSA) was estimated by the double-layer capacitance at a potential range (0.896-0.946 V vs. RHE) with no faradaic current from cyclic voltammetry (CV). The electrochemical double-layer capacitance (C DL ) was measured by scan-rate dependent CVs, as given by the followed equation:
i ¼ vC DL a plot of current (i) as a function of v yields a straight line with a slope equal to C DL (Fig. S10 †) .
The ECSA was calculated according to the followed equation:
where C s is the specic capacitance of an atomically smooth planar surface of material per unit area under identical electrolyte conditions, we use C s ¼ 0.040 mF cm À2 in 1 M KOH based on typical reported values.
